Abstract-This paper is the fifth in a series of articles on the basic physics of light yield nonproportionality in scintillators. Here, we compare and contrast the nonproportionality as registered by gamma rays and high-energy electrons. As has been noted in the past, these two types of data have different curve shapes (for plots of the light yield against electron or gamma energy). Herein, we show how the experimental gamma nonproportionality curve can be calculated from the electron response by accounting for the distribution of high energy electrons created by the gamma photon via the photoelectric interaction. Similarly, we measure and model the gamma-induced resolution as a function of energy and compare this data to predictions from our model. The utility of the model is explored using data acquired with the scintillators (Eu), GYGAG(Ce) and CsI(Na).
I. INTRODUCTION

R
ESEARCHERS most often report the gamma nonproportionality of scintillators in the literature, since this data can be generated through the use of a number of different radioactive sources that are generally available [1] . This data is a plot of the gamma-induced light output as a function of the incident gamma energy. On the other hand, Valentine and co-workers reported on the electron nonproportionality, based on their use of the Compton Coincidence Technique. Here they noted that the electron response had a related but somewhat different shape than the gamma response, and they accounted for this difference in their analysis [2] , [3] . The difference between the two types of nonproportionality data sets is expected, since the gamma ray generates a specific distribution of high energy electrons upon photoelectric absorption by the medium (e.g. by ejecting a K-shell electron that is subsequently filled by L and M electrons leading to Auger or x-ray-generated electrons) while, in contrast, the electron nonproportionality data is acquired by generating a single high The authors are with Lawrence Livermore National Laboratory, Livermore, CA 94550 USA (e-mail: payne3@llnl.gov).
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Digital Object Identifier 10.1109/TNS.2015.2414357 energy electron. Herein, the experimental measurements are performed with a second-generation instrument, built with our colleagues at Lawrence Berkeley National Laboratory and known as the SLYNCI (Scintillator Light Yield Nonproportionality Characterization Instrument); this Compton spectrometer was designed to acquire data considerably more rapidly [4] . The principle of operation involves the measurement of coincidences between scintillation events in the test scintillator and a Compton-scattered gamma ray detected in the surrounding germanium detectors, where the energy of the deposited mono-energetic electron is the difference between the scattered and incident gamma photons (usually generated by a source). More recently, additional instruments that measure nonproportionality have been set up by the research groups of Moszynski [5] , Dorenbos [6] and Melcher [7] .
The physics of scintillator nonproportionality has been a pressing issue in the scientific literature of radiation detectors for many years [8] - [13] , as this phenomenon generally limits the achievable energy resolution. As mentioned above, most of the nonproportionality data is deduced through gamma spectroscopy ("gamma nonproportionality"), while there are fewer reports of "electron nonproportionality". The electron and gamma nonproportionality were measured side-by-side for the same scintillator in some cases [2] , [14] , and the differences between the two curves have been observed and acknowledged to be an expected physical effect. Despite these measured differences, they are often spoken of in an interchangeable manner, even though they arise from a significantly different physics basis. As noted, the difference between gamma and electron nonproportionality is a result of several electrons being created by the gamma ray in contrast to the single mono-energetic electron generated in instruments such as the SLYNCI.
The main purpose of this paper is to measure and relate the electron and gamma light yield nonproportionality curves using an analytical formulation, and to calculate the gamma light yield nonproportionality curve from the measured electron response. We then proceed to also model the gamma energy resolution, although the resolution model must necessarily include an estimate of the contribution from photon statistics. This work is performed for three scintillator materials:
(Eu), GYGAG(Ce) and CsI(Na) [14] - [19] , selected for their different nonproportionality curve shapes. The model reasonably reproduces the data of all three scintillators, with the exception that it poorly replicates the resolution of CsI(Na); we attempt to identify the physics issue that may have been overlooked for CsI(Na).
In Section II, we describe our model, our experimental method is in Section III, and we compare the model and data 0018-9499 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/ redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
in IV. We discuss the overall utility of the model in Section V and summarize in VI. In what follows, we find that solely accounting for the photoelectric effect on the gamma-rays is sufficient to capture the key physics in the model, as mentioned further in Section V. It is important to clarify two key aspects of our model: (1) The primary gamma interaction with the scintillator is photoelectric (Compton scatter is not considered), (2) Once the photoelectron is produced, the subsequent cascade of x-rays and Auger electrons due to re-filling of shells is then accounted for, and makes up the most substantial contribution to the difference between gamma and electron nonproportionality.
II. MODEL
Our basic approach for modelling the electron nonproportionality of the scintillator light yield is summarized briefly below, as it has been described in our previous publications [19] . In brief, taking the efficiency of carrier capture by an activator (leading to luminescence) as , we follow the electron from its initial energy of to the final ionization energy, (as used in the Bethe-Bloch equation), in order to properly model the data for the electron passing along its entire trajectory: (1) where Eq. (1) may be regarded as an average along the path of the electron's trajectory, T. In Ref [19] , we describe as the result from the interplay of three processes:
• Onsager attraction between electron and holes • Birks annihilation of excitons • Trapping of electrons in competition with the Onsager mechanism The resulting capture fraction is described with: (2) which is proportional to the differential light yield for the electron at a particular energy.
is the fraction of excitons "born" during the cascade with the balance being "free" electrons and holes; is a scaling factor to account for carriers "lost" that do not transfer their energy to activators; and the Birks annihilation involves exciton-exciton annihilation to reduce the light yield as: (3) In our recent work [19] , we show how both electron-hole attraction (via the Onsager mechanism) and the possibility of trapping (within the so-called Onsager sphere) can be described with: [see (4) at the bottom of the page] where O/T stands for the combined effect of the Onsager attraction and the trapping terms, which were combined on the basis of a recent article by Vasil'ev and Gektin [20] as discussed in [19] . The four enumerated fitting parameters include the Birks, Onsager and trap-induced stopping power parameters [respectively, , , and ], together with the free carrier fraction. The is held constant at 36.4 MeV/cm for all scintillators as previously described [18] , [19] , leaving three adjustable parameters.
We can calculate the resolution (as degraded by nonproportionality) of a single electron initially having energy , by assuming that all of the fluctuations along the trajectory are uncorrelated from initial energy to final energy [18] , [19] :
(5) where (6) Here is the elementary charge (and the factors of are implicit in the charge units), is the electron density, is the electron mass, is the speed of light, is deduced from using the standard relativistic equations, is the usual ionization energy (as used in the Bethe-Bloch equation [21] ), is an ad hoc [17] - [19] but necessary term added to avert a pole in the Landau distribution width, and the factor of 3.6 converts the Landau width to the full width at half maximum (FWHM). The reader is referred back to our earlier papers on this topic [18] [19] for further details on how Landau's theory of stopping power fluctuations are used to derive the spectral resolution from Eqs. (5) and (6) . As discussed, the variations in the capture efficiency can be related to the fluctuations in the stopping power, conventionally referred to as "Landau fluctuations" and derived from the "Landau distribution". The use of this classic theory enabled the first means by which to relate the light yield nonproportionality curves to a predicted limiting value of the resolution (arising from nonproportionality).
Equations (5) and (6) pertain to the resolution obtained for a single high energy electron at , while in gamma excitation, arising from the photoelectric effect, several electrons are (4) created. In Table I , the seven main possible electron distributions are enumerated, following the analysis of Valentine and co-workers [2] for the iodine atom. According to Table I , the energy of the gamma ray must be greater than that of the K shell to eject that electron (and similarly for the L and M shells), where the electron's kinetic energy will be the difference between the energies of the gamma ray and the K shell, leaving a hole in the K shell. The first three entries describe the processes by which the K shell hole is filled following the generation of an x-ray (taken to create an electron at this energy), where in the first two cases a hole is subsequently created in the M shell and subsequently filled by Auger processes by the valence electrons. For Type #3, the emission of the higher energy x-ray means that the valence electron fills the hole to take up the residual energy. If the gamma ray energy is below that of the K shell (33.17 keV), then processes 1-3 can no longer occur leaving only electron ejection from the L and M shells. For keV, the probabilities ( ) are as listed in the Table. For keV the probabilities need to be renormalized without inclusion of the first three entries, (and similarly for gamma energies being less than each of the three L shell energies listed). Mathematically, we can describe the aggregate light yield for a given process "type" as (weighted by the electron energy):
For the gamma ray of energy having the th type of interaction creating to m electrons (appropriately summing across the columns of row of Table I) of energy  and light  yield . We can then average the light for a given gamma photon by taking the probabilities of the interactions into account ( ):
Next we can evaluate the contribution of the light yield variation to the resolution, as arises from the different distributions of electrons that are possible according to Table I: (9) Finally, we calculate the impact of Landau fluctuations on for the distribution of electrons generated by photoelectric interactions with gamma photons (in quadrature) based on the resolutions of every electron that is generated. Within our framework, this entails taking the electron energies ( ) within each of the seven distributions (listed in Table I ) into account and summing the seven distribution types (occurring with probability ): [see (10) at the bottom of the page].Each resolution is calculated with Eqs. (5) and (6) where the inner sum is from for each of the electrons generated from type interaction, and the interaction types of photoelectric interactions are summed.
In what follows, first the nonproportionality curve is fit to Eqs. (1)- (4) in order to obtain the four parameters discussed below Eq. (4). At this point, the photopeak is considered to be produced solely through photoelectric interactions (e.g. Compton scatter followed by photoelectric absorption and other related events are ignored) such that the gamma light yields and resolutions can be calculated. One can describe the overall process as follows:
• Acquire the electron nonproportionality data • Fit this data to the parameters in Eqs. (1)- (4) • Deduce the gamma nonproportionality due to the varying electron distribution using Eqs (7)-(9) • Calculate the Landau fluctuations of the gamma-generated electrons using Eqs. (5), (6) and (10) III. EXPERIMENTAL The SLYNCI facility is described in Ref. [4] , to which the reader is referred for a description of how the electron nonproportionality curves were recorded by way of the single electron of known energy for each event. Next we describe how the gamma nonproportionality data was acquired.
The CsI(Na) ( cm ) and GYGAG(Ce) ( cm ) scintillators were tightly wrapped in 8-15 layers of optical-quality Teflon tape. The (Eu) ( cm ) was similarly wrapped in Teflon tape and encapsulated in a thin aluminum can filled with MgO reflector powder. These scintillators were each mounted on Hamamatsu R6231-100SEL or 6233-100SEL photomultiplier tubes with optical grease. The PMT scintillation pulses were sent to an Ortec 113 preamplifier, the preamplifier pulses were shaped with a Tennelec TC 243 spectroscopy amplifier (shaping (10) , and binned with an Amptek MCA8000-A multi-channel analyzer.
The measurement system was characterized for linearity and zero-offset in two ways. First an electrical test pulse was generated and introduced to the system through the preamplifier. These measurements verified that the readout electronics following the PMT are linear and introduce a small zero-offset that is corrected for in radioisotope measurements to identify low energy gamma rays. These electrical test pulse measurements were also verified by coupling two blue LEDs to the PMT window and pulsing them. We applied an input pulse to the first LED (with the second LED off) and adjusted the pulse until the peak appeared at the desired channel. We repeated this with the second LED (with the first LED off) until it was at the same channel as the first LED. Then we pulse them on at the same time, with the expected peak centroid at the sum of the two individual LED peaks minus the zero-offset. This experiment was repeated many times to cover the dynamic range of the MCA, and it yielded the same linearity and zero-offset results as the electrical test pulse experiment.
To fully characterize the gamma nonproportionality of these scintillators, radioisotopes were chosen to cover a wide range of energies, as described in Table II . The sealed radioactive sources were selected to have an appropriate activity and were positioned to maintain a constant count rate, sufficiently low to prevent pile-up. To acquire more extensive data in the 5 to 60 keV region for the (Eu) scintillator, we utilized an Amersham x-ray source, in which alpha particle emissions impinge on a selectable metal foil to produce the characteristic x-rays of that metal. The spectra were energy calibrated using a least-squares analysis, and energy resolution was obtained using Gaussian peak fitting in Igor Pro (accounting for background and x-ray escape peaks). Peak positions that required shifts of more than 2% when corrected for zero-offset were ignored in the nonproportionality curves.
IV. RESULTS
The results for (Eu) are plotted in Figs. 1 and 2 , which are the light yield for electrons (acquired with SLYNCI) and light yield and energy resolution, respectively, for a range of gamma energies. The closed squares are the gamma-ray data obtained from various direct emission lines, while the open squares are data acquired for the use of Amersham x-ray source described above. What is immediately apparent is that the gamma light yield "falls off" (i.e. reduces) toward lower energy more , and MeV cm. The gamma light yield was derived from various sources (closed squares) and from the x-ray lines generated by the Amersham sources (open squares). The gamma ray light yield model takes the specific energies (and therefore light yields) of the high energy electrons produced by iodine into account. The error is 0.5% for the SLYNCI data, while the gamma data is 1-4% depending on the energy.
abruptly than the electron light yield does. The two continuous curves are the models described in Section II, where the effects of the K and L edges near 30 keV and 5 keV are noticed. The electron nonproportionality curve is modeled with Eqs, (1)-(4) using our four "standard" parameters listed in the figure caption. The model for the gamma nonproportionality is accomplished by only using the data in Table II traceable to the NIST website on x-ray absorption spectra and their strengths [22] . The predicted (and measured) data experiences a more precipitous "fall" in the light yield to lower energy due to the generation of several electrons by the gamma photon, in contrast to the single high-energy electron produced by SLYNCI. The modeled gamma nonproportionality does not appear to pass exactly through the data points, but our model has captured the basic mechanism by which the gamma and electron curves are decidedly different. The neglect of the Sr K-shell absorption at 16 keV for simplicity could be responsible for some of the discrepancy at or below 16 keV.
In Fig. 2 , the closed and open circles are the resolution values measured. Here we can note the interesting observation that the statistical variance arising solely from the different distributions of electrons created by the gamma photons yields a small contribution [Eq. (9)], although it does become more significant at the lower energy values (near 5 keV). The predicted contribution of a hypothetical single high-energy electron is plotted as the dashed curve (for which no associated resolution was measured), while the solid curve is based on Eq. (10), in conjunction with Eqs. (5)- (8) . Here we utilize a value of in Eq. (6), which admittedly is somewhat arbitrary in terms of apportioning the accumulated effects of the photon statistics versus the extent of the Landau fluctuations impacting each of the individual electron generated by the gamma photon. The photon statistical contribution can be seen as the difference between the solid and dotted model curves, and is given as , Fig. 2 . Resolution as a function of electron energy, as recorded for (Eu). The lowest curve (lines with squares) is the resolution due to the statistics of generating different high energy electron distributions (only), the dashed curve is the resolution obtained for a single high energy electron using the same parameters as listed in the caption of Fig. 1 , the solid curve is the resolution from the gamma light yield fluctuations calculated from each of the high energy electrons created by photoelectric absorption, and the dotted curve also includes the photon statistics. The filled in points are the measured light yields from the sources listed in Table I , while the open circles are deduced from the x-ray lines generated by the Amersham source. The error is 0.5% for high energy region, but rises to 4% for low energy.
as added in quadrature. This same value of is consistently used to model the data for GYGAG(Ce) and CsI(Na) discussed below.
The data for the transparent ceramic GYGAG(Ce) garnet is plotted in Figs. 3 and 4 where the gamma and electron light yields appear, and the gamma resolution, respectively. Again, the parameters used to fit the electron nonproportionality light yield curve are enumerated in the caption of Fig. 3 . We have constructed the x-ray energies of gadolinium in analogy to Table I using the NIST website [22] . The model correctly predicts the greater "fall" to lower gamma energy compared to single highenergy electrons, although it appears to underestimate the Birks quenching somewhat. The features associated with the K and L edges are again apparent.
In Fig. 4 we compare the calculated and measured resolution values where in the case of the GYGAG(Ce) scintillation response as measured with a PMT, and it is apparent that photon statistics play a much larger role in the determination of the resolution, in this case incorporated with . In passing we note that the poorer photon statistics are due to the shift in the emission to longer wavelengths peaking at 550 nm for GYGAG(Ce) [15] , [16] compared to (Eu) near to 440 nm where the PMT is much more sensitive. As expected, when the resolution for a small GYGAG(Ce) ceramic on a silicon photodiode is measured, the resolution is 3.5%, in contrast to the PMT-based value of 4.6%. In any case, the fit appropriately models the experimental behavior.
The final scintillator which we studied was CsI(Na) as plotted in Figs. 5 and 6. For this case, the x-ray energies of the electron shells are employed to calculate the gamma response from the electron nonproportionality curve, and the fitting parameters are listed in figure caption (as for the other scintillators) . The x-ray energies of iodine and cesium are nearly the same therefore are taken as being equivalent with no noticeable change in the shape of the gamma response curve. In Fig. 5 we see that we are able to , and MeV cm. The gamma light yield was derived from various sources (closed squares). The gamma ray light yield model takes the specific energies (and therefore light yields) of the high energy electrons produced by gadolinium element into account. The error of the SLYNCI data is 0.5%, while it is 2% for the gamma-ray data. Fig. 4 . Resolution as a function of electron energy, as recorded for GYGAG(Ce). The lowest curve (lines with squares) is the resolution due to the statistics of generating the high energy electrons (only), the dashed is the resolution obtained for a single high energy electron using the same parameters as listed in the caption of Fig. 3 , the solid curve is the resolution from the gamma light yield fluctuations calculated from each of the high energy electrons created by photoelectric absorption, and the dotted curve also includes the photon statistics. The error is 0.5% for high energy region, but rises to 4% at low energy.
reproduce the beginning of the "rise' in the light yield at higher energies in passing to lower energy, compared to the response of the electron nonproportionality curve. This difference between the gamma and electron generated curves is attributed to creation of lower energy electrons by the gamma photons that accordingly accesses portions of the electron data having higher light yields. This aspect of the model usage has yielded results that match what we would have expected.
In Fig. 6 we compared the calculated and measured resolutions as a function of the gamma energy for CsI(Na) and find that our model is qualitatively in disagreement with the data, noting that the model predicts a continued "rise" going to lower , and MeV cm. The gamma light yields are derived from various sources (closed squares). The gamma ray light yield model takes the specific energies (and therefore light yields) of the high energy electrons produced by the iodine and cesium elements into account.
energy until reaching a plateau at 40 keV, while the resolution values remain substantially lower. We can only conclude that some aspect of the physics is not being handled properly for this case. While we have not been able to offer a definitive explanation for this discrepancy, we do notice that if we set the magnitude of the trapping parameter to zero, that the agreement is improved considerably. In Fig. 6 , the models for MeV cm and MeV cm are both displayed for comparison. This manipulation begs the question of why a seemingly arbitrary omission of the trapping contribution would lead to a better fit. A possible origin of this effect is discussed below. The photon statistical contribution is included with the term , indicating that it is a small effect on the order of what was needed for (Eu) since the emissions peak at similar wavelengths. The CsI(Na) resolution data nevertheless agrees quite reasonably with that of Ref [23] .
V. DISCUSSION
In this paper, we have extended our model of nonproportionality to include the impact of gamma rays beyond the single high-energy electrons we have modeled in the past. This augmentation is considered necessary for completeness, since many researchers report gamma nonproportionality instead of the electron response and, although researchers are often aware that the resulting data is expected to be different, a simple understanding of anticipated differences is worthwhile. The model essentially tracks the individual electrons created via x-rays and Auger processes by the gamma ray, and deduces their individual light yields, and moreover follows their individual Landau fluctuations and the resulting impact on the resolution. To accomplish this, one must include the weighting of the various electrons by their energies and account for the probabilities of the various electron distributions occurring. It is also important to emphasize that our conversion from the electron to the gamma response involves no additional adjustable The lowest curve (line with squares) is the resolution due to the statistics of generating different distributions of high energy electrons, the dashed curve is the resolution obtained for a single high energy electron using the same parameters as listed in the caption of Fig. 5 , the solid curve is the resolution from the gamma light yield fluctuations calculated from each of the high energy electrons created by photoelectric absorption, and the dotted curve also includes the photon statistics. The upper plot is derived from the same procedures that led to the model outputs of Figs. 2 and 4 , while for the lower plot we have set the trapping parameter equal to zero, which seemingly leads to a better fit to the data. parameters including the value of which is kept the same for all three scintillators in this study. While it is in principle also possible to deduce the electron nonproportionality from the gamma data (i.e. the reverse process), it usually turns-out that gamma data tends to be noisier and does not extend to as low an energy-rendering this inverse process to be more imprecise.
The results of our modeling exercise are compelling but are somewhat mixed in the quality of the fit. For the cases of (Eu) and GYGAG(Ce), the calculated gamma light yield curves have reasonable agreement with the data, but do not exactly follow the data points. The light yield model for CsI(Na) is quite close to the data. We nevertheless conclude that the essential physics has been included in the analysis and all of the data has been reasonably reproduced.
In our efforts to calculate the gamma resolution, the results for (Eu) and GYGAG(Ce) were both good, although there is an uncertainty in the analysis owing to the contribution of the photon statistics. This contribution is much larger for GYGAG(Ce) as noted above as expected because the emission wavelength is longer at 550 nm where the PMT is less sensitive. Also noteworthy is the uncertainty in the value of the parameter, which impacts the width of Landau distribution at low electron energies. While in the past we have utilized a value of , we have adjusted the value to in this paper. This change was prompted by the obvious requirement that the gamma photon measured resolution, without the contribution from the photon statistics, should of course be less that the measured resolution values. In other words, the calculated increase in the resolution from the additional contribution of modeling gammas instead of a single high energy electron led us to the apparent need to increase the value of . The model of scintillator nonproportionality discussed in in papers I, II, and III [17] - [19] describes an analytical formulation for calculating resolution on the basis of the electron nonproportionality, which we have extended to include the impact of gamma photoelectric absorption in the present paper.
Another issue not discussed in the paper involves the impact on Compton scattering on the gamma nonproportionality. We have in fact developed a more comprehensive framework that accounts for the impact of Compton scattering followed by photoelectric absorption (adding to the full peak value) and have found that inclusion of this mechanism does little to change the shape or magnitude of the resulting model output. This is because the main change in the shape for gammas occurs at lower energies (<100 keV) where the photoelectric absorption predominates over Compton scattering.
A last point deserving further discussion is poorness of the fit to the CsI(Na) gamma resolution found for the upper plot of Fig. 6 . As introduced previously in the text, we noted that if we left out the trapping term [by setting ], the quality of the fit improves considerably. While this procedure can be construed as arbitrary, we challenged ourselves to think what a potential reason for the improvement might be. In examining the model and data in the lower plot of Fig. 6 , we notice that the model with no trapping of the thermalized electrons essentially reproduces the features of the data, including the plateau in the 40 -300 keV region. One possible explanation might relate to the transport of the thermal electrons over distances [20] , [24] , [25] that exceed those characteristic of the Landau fluctuations. In other words, if the electrons were considered to move 's of nanometers, they would "see" a distribution of traps that is uniform, and the fluctuations arising from trapping would be smoothed over.
VI. SUMMARY AND CONCLUSIONS
In summary, we have acquired the electron and gamma nonproportionality curves, as well as the gamma resolutions, for three representative scintillators over a wide energy range, specifically for (Eu), GYGAG(Ce), and CsI(Na). This paper may be regarded as an augmentation of the theoretical framework we have previously developed to describe the basic physics of electron nonproportionality in papers I, II and III. In this paper, we deploy this previously developed model of the electron nonproportionality which is based on accounting for:
• Onsager attraction between electrons and holes • Birks annihilation of exciton
• A fitted fraction of "born excitons" versus free carriers • Inclusion of the influence of trapping on the Onsager attraction Moreover, we invoke Landau fluctuations (i.e. the natural variations in the ionization density from the average BetheBloch stopping power value that occur as the electron travels in the scintillator), in order to develop a framework by which to deduce the resolution of scintillators from the electron light yield curves.
In this article, we mainly pursue the development and testing of a framework by which we derive the gamma light yield nonproportionality and resolution solely on the basis of the electron nonproportionality, by:
• Fitting the electron nonproportionality data to our four standard parameters [Eqs. (1)- (4)] • Extracting the K, L, and M shell data from the NIST website [22] to specify the distributions of electrons created by the photoelectric absorption • Converting the electron data into gamma data using Eqs.
(5)-(10) In essence, the gamma interactions lead to a distribution of electrons, for which the light yield and resolution is calculated by accounting for the trajectories of the individual electrons resulting from the gamma interaction. Because of the several high-energy electrons generated following the initial K, L or M shell interaction, the resolution of a gamma photon is expected to deteriorate compared to that of a single high energy electron due to the light yield fluctuations as well as increased Landau fluctuations arising from the several gamma-generated electrons. Also, the gamma light yield versus photon energy always has a different shape than that of the single high-energy electrons. Within our framework we have been able to model the features of the light yields for our three test materials, but for the resolution we observed a significant discrepancy for CsI(Na), which we have tentatively ascribed to the averaging effect of electron migration on the fluctuations in the trap density within the Onsager sphere of attraction.
